ABSTRACT A miniaturized textile antenna is designed and demonstrated for ISM band applications at 2.4 GHz. The proposed antenna uses appropriate loading of a rectangular slot/notch with a strip line inserted to form an inverted E-shaped antenna. The structure is simple, compact, and easy to manufacture using only fabric material. The antenna size is 75% smaller than a conventional antenna. When the antenna is subjected to bending, its performance proves sustainable under deformation. Each slot/notch and strip line is translated to its equivalent circuit and then integrated to form the whole equivalent circuit of the proposed antenna. The results from the equivalent circuits and simulation show acceptable agreement. The antenna shows an improvement of size miniaturization of 30×20×0.7 mm 3 and demonstrates an impedance bandwidth of 15% and efficiency of 79%, showing that it is a promising candidate for incorporation into wearable systems.
I. INTRODUCTION
Wearable devices have become well-known over the past decade. They are potentially useful in many applications, including the areas of medical devices, entertainment, warfare, personal communication, aeronautics and emergency rescue systems. Wearable devices, which could be flexed, reconfigured and bent, would considerably enlarge the application scope of traditional electronic devices [1] - [3] .
In general, flexible and wearable devices frequently need the incorporation of antennas working at particular frequency bands to offer wireless connectivity, clearly an important requirement [4] .
The performance characteristics of flexible wireless devices depend on the incorporated antenna unit, which must be robust and electrically and physically small. Furthermore, these antennas have to show good radiation characteristics and high efficiency [5] - [7] .
Miniaturization of wearable antennas is a well-documented topic, with recent advances and developments. However, it is challenging to miniaturize a wearable antenna while maintaining a low profile, simple design, easy integration capability with circuits and the desirable bandwidth. Microstrip patch antennas (MPA), extensively used in this regard as they possess these features, are restricted by narrow bandwidths. Moreover, the physical size of a traditional MPA operating at the fundamental TM 010 mode has an electrical length of ∼ λ 0 /2 which might be too large for applications operating at lower frequencies [8] , [9] .
Several techniques have been proposed to lessen the physical size of a patch, including the use of high dielectric substrates [10] , magneto-dielectric substrates [11] , lengthening the current path of the radiator [12] - [15] , capacitive loading [16] , [17] , shorting pins/walls [18] , embedding tails along the edge [19] , fractal PIFA [20] - [22] and QuarterMode designs [23] . Antennas operating at lower frequencies such as the Scientific and Medical (ISM) band are reduced in size by these techniques, but still suffer from associated drawbacks such as highly inefficient radiators, narrow bandwidths and complex structures: they are also still large in size and profile compared to the growing advance of the technology. It remains a challenging task to obtain simple antenna structures that are compact and low-profile while maintaining reasonable performance.
In this work a compact low-profile textile wearable antenna is proposed and experimentally verified. The design is based on the previous work in [2] . The proposed textile patch antenna with rectangular slot and a pair of loaded strip is 25% of the size of a reference antenna, Fig. 1 . The combination of strip-line loading, and the rectangular slots permit much lower frequency operation, with a significant size reduction. The design not only promises good operational performance but also a more compact size and simpler structure compared to previous designs [15] , [21] , [23] - [28] . It is evident from Table 1 that the proposed antenna has several advantages over antennas realized in previous studies.
In Section II, the physical design and approach of the proposed wearable textile antenna is discussed and presented. Section III sets out the analytical approach, and the final equivalent circuit is elaborated. Section IV reviews the performance and characteristics of the design, with conclusions in Section V.
II. ANTENNA DESIGN AND APPROACH
The antenna design was based initially on conventional microstrip rectangular patch antenna design techniques [30] and optimized to operate at 2.4 GHz using CST Microwave Studio R [31] .
In order to make comparisons, consider the reference textile antenna of Fig. 1 , with a width and length of 40 mm and 60 mm, respectively. The ground plane is 12.4 mm long. The Shieldit TM conducting material is implemented on a 0.7 mm thick denim substrate with a low dielectric constant of 1.7, and the textile antenna patch is fed by a 50 microstrip line. The size of this antenna is large in comparison with ongoing advances in miniaturization of wearable sensors. Therefore, the present work aims to reduce the antenna size to half of the reference antenna, improving on the various designs in Table 1 , and achieving stable operation at the desired operating frequency with acceptable performance.
As stated in [32] , adding a slot (or notch) is a technique used for antenna miniaturization. For a given shape and size of the radiating patch, cutting slots on the surface will divert the current distribution and increase the effective current path length. Thus, the resonant frequency will be reduced, giving the performance of an antenna of larger physical size, moreover with its bandwidth widened because the slots lower the Q value. The antenna underwent several evolutions to achieve the miniaturized design shown in Fig. 2 . In order to achieve compactness, the overall dimension is reduced to half as represented by Ant. 1 in Fig. 2 (a) . The slot on the upper right side of the radiating patch appearing in Ant. 2, Fig. 2 (b) improves the length of the current path and therefore decreases the resonant frequency. An additional slot is introduced on the same face to create the E-shaped radiating patch -see Ant. 3 in Fig. 2 (c). In Fig. 2 (d) , the slot in the lower right of Ant. 3 is removed and replaced by an inverted slot to form an S shape, with two thin lines inserted at the middle of each slot, to further reduce the resonant frequency, as in Fig. 3 . The return losses for all the antennas of Fig. 2 and Fig. 3 are reviewed in Section III: the ground plane is the same size in all cases.
III. EQUIVALENT CIRCUIT
The equivalent circuits of all antennas are shown in Fig. 4 (a)-4(d). A conventional simple rectangular textile patch antenna can be modeled as the simple parallel RLC resonant circuit shown in Fig. 4 (a). The current distribution of conventional patch flows from the feeding point to the top and bottom edges of the patch. The values of R, L, and C can be determined by the conventional formulae given in [33] .
However, when a rectangular slot is incorporated into the patch as shown in Fig. 2 (a) the resonant features change as shown in Fig. 4(b) , since two current components flow in the radiating patch; (i) the normal current that flows for any conventional patch; and (ii) a meandered current flowing around the slot, thus increasing the current path [33] , [34] . In this circumstance, both the magnetic and electric fields are discontinuous across the slot, introducing both inductance and capacitance as shown in Fig. 4(b) . These effects were modeled as series capacitance, C1, and series inductance, L1, additional to the equivalent circuit for a conventional microstrip patch antenna as in Fig. 2 (b) [35] , [36] .
Similarly, another extra rectangular slot (see Fig. 2 (d)) will introduce another additional series inductance, C2, and series capacitance, C2, to the equivalent circuit of Fig. 4 (b) , as shown in Fig. 4(c) , further lowering the frequency. Fig. 3 shows the antenna configuration when two additional strip lines were inserted, which can be modeled as additional capacitances, Cs1 and Cs2, in parallel with the equivalent circuit of the antenna in Fig. 4 (c) [34] . The equivalent circuit of Ant 5 in Fig. 3 is depicted in Fig. 4 (d) . Due to Cs1 and Cs2, the total capacitance of the resonant circuit increases which results in lowered frequency operation [37] . The effects of L1 and C1 also contribute to size reduction [35] .
IV. ANTENNA PERFORMANCE
The simulated reflection coefficients, of each antenna design shown in Fig. 1, Fig. 2 and Fig. 3 are depicted in Fig. 5 . These plots gave more insight into the contribution of the slots at several frequencies, enabling adjustment to establish good S 11 values within the operating impedance bandwidth. From Fig. 5 , it can be seen that the reference antenna ( Fig. 1) based on the theoretical technique in [30] covers a wide band of frequencies including 2.4 GHz. Furthermore, it can be observed that by reducing the size of the substrate (see Fig. 2 (a) ), S 11 was shifted to higher frequency. Therefore, by introducing the slots (Ant. 2 -Ant. 4), S 11 tends to resonate at lower frequency. The presence of the strip lines in Ant. 5 (Fig. 3) greatly reduces the resonant frequency of Ant. 4 ( Fig. 2 (d) ) towards the targeted frequency of 2.4 GHz. In addition, Ant. 5 produces better impedance matching, and a size reduction of 75% compared to the reference antenna (Fig. 1) . The bandwidth (BW) of the antenna (S 11 < −10 dB) in every case is summarized in Table 2 . The radiation pattern of each case is similar, with omnidirectional radiation patterns in the H-plane and bidirectional radiation patterns in the E-plane.
To further explain the contribution of the slots, Fig.6 shows the simulated surface current distributions. The results of the added slots in antennas 2, 3, 4 and 5 in terms of resonances are 3.334 GHz, 3.022 GHz, 2.65 GHz and 2.4 GHz respectively. In each design, the maximum concentrated current density is mainly located at the slot on the patch. Hence slots can control the resonant frequency and improve antenna performance. In addition, as the number of slots increases, maximum current is realized as shown in Fig.6 (d) .
The final equivalent circuit shown in Fig. 4 (d) is simulated and the values of each component are tabulated in Table 3 . The reflection coefficient, S 11 , of the equivalent circuit is in line with the result from CST for the inverted E-shaped antenna as shown in Fig. 7 . The results from both computations agree closely.
The antenna was constructed as illustrated in Fig. 8 and experimentally verified. The reflection coefficient of the VOLUME 6, 2018 antenna was measured and compared with simulated and analytical results as shown in Fig. 7 . Reasonable agreement is observed. On the other hand, the measured reflection coefficient has a wider bandwidth than the simulated one, which ranges from 2.23 to 2.59 GHz with a bandwidth of 360 MHz (15%), while the simulated values range from 2.29 to 2.53 GHz with a bandwidth of 240 MHz (10%). This may be due to the lossy properties of the substrate material itself. 9 compares the simulated and measured far-field radiation patterns of the antenna at E-plane and H-plane, where an adequate agreement between the two is achieved. Furthermore, very nearly bidirectional radiation patterns in the E-plane and omnidirectional radiation patterns in the H-plane are achieved. Note that the radiation patterns in both planes are normalized. In addition, the antenna has a gain of 2.05 dBi. The efficiency of the antenna is 79%, obtained using the calculation technique of [38] .
A. BENDING PERFORMANCE
Bending along the vertical and horizontal directions is experimentally studied as shown in Fig. 10 . The antenna is measured over polystyrene cylinders with dielectric constant ε r ≈ 1, using diameters (d) of 70 mm, 80 mm, 100 mm, and 140 mm. The differing diameters produce different antenna curvatures to test whether the operating frequency is sustained under bending condition, fulfilling the requirements for a reliable wearable antenna.
The measured reflection coefficient characteristics under vertical and horizontal bending are given in Fig. 11 . In all cases, there is a slight upward shift as the diameter VOLUME 6, 2018 is decreased. Fig.11 (b) shows a 5 MHz shift to higher frequency at d = 100 mm for the horizontal case, which is negligible. Overall, even when bent, the antenna operates within the desired band without significant frequency detuning. The bending analysis bandwidth and resonant frequency details are provided in Table 4 . It is anticipated that the effect of the body's presence will be detailed study in the near future.
V. CONCLUSION
A low-profile and light-weight miniaturized antenna for ISM applications at 2.4 GHz has been presented. The antenna was constructed using denim except for the SMA connector for assessment purposes. The size is substantially miniaturized by loading proper rectangular slots and inserting strip lines, a reduction of 75% compared to the reference antenna. The antenna shows stable radiation performance, with about 79% radiation efficiency and a bandwidth of 15%.
The antenna performance under bending was investigated for different amounts of bending: the results show negligible deterioration. An equivalent circuit for the proposed design was established and the results show a good agreement with simulations. Overall, the proposed antenna represents a suitable candidate for ISM applications due to its low fabrication cost, small size, and acceptable radiation and bandwidth performance. 
